ABSTRACT: This paper reviews our recent studies on the mechanism of cerebral vasospasm following subarachnoid hemorrhage (SAH) in monkeys. Middle cerebral artery (MCA) vasospasm was maximal at 7 days, resolving by 14 days, and absent at 28 days after SAH. Arterial fibrosis was not detected during vasospasm, although there was intimal hyperplasia with fibrosis 28 days after SAH. On scanning electron microscopy, smooth muscle cells from vasospastic arteries had corrugated cell membranes and appeared similar to cells contracted pharmacologically, suggesting that vasospastic smooth muscle is contracted. Morphometric analysis of arteries obtained 7 days after SAH showed no significant increases in arterial wall area of vasospastic arteries compared with normal MCAs. The results suggest vasospasm in monkeys is not due to hypertrophy, hyperplasia, or fibrosis in the arterial wall. Vasospasm may be mainly vascular smooth muscle contraction, which damages the arterial wall, leading to secondary structural changes in the arterial wall which occur after angiographic vasospasm. RESUME: Mecanisme du vasospasme cerebral a la suite d'une hemorragie sous-arachnoidienne chez le singe. Dans cet article, nous revoyons nos etudes recentes sur le mecanisme du vasospasme a la suite d'une hemorrhagic sous-arachnoidienne (HSA) chez le singe. Le vasospasme de l'artere cerebrale moyenne (ACM) etait maximal a 7 jours, en resolution a 14 jours et absent a 28 jours post-HSA. La fibrose arterielle n'a pas ete detectee pendant le vasospasme, bien qu'il existait une hyperplasie intimale avec fibrose 28 jours post-HSA. A la microscopie electronique, les cellules musculaires lisses des arteres en vasospasme avaient des membranes cellulaires ridees et avaient l'apparence de cellules contractees pharmacologiquement, suggerant que le muscle lisse de l'artere en vasospasme est contracte. Une analyse morphometrique des arteres obtenues 7 jours post-HSA n'a pas montre d'augmentation significative de la surface de la paroi arterielle des arteres en vasospasme comparees a des ACMs normales. Ces resultats suggerent que le vasospasme chez le singe n'est pas du a l'hypertrophie, a l'hyperplasie ou a la fibrose de la paroi arterielle. II est possible que le vasospasme soit essentiellement une contraction du muscle lisse vasculaire qui endommage la paroi arterielle, amenant des changements structuraux secondaires de la paroi arterielle.
The delayed and protracted arterial narrowing which characterizes cerebral vasospasm following subarachnoid hemorrhage (SAH) has proven extremely resistant to treatment.
1 - 2 The poor efficacy of vasodilator drug treatment for vasospasm suggests vasospastic arteries are not simply vasoconstricted. In support of this, pharmacologic studies show vasospastic arteries have decreased contractility, increased spontaneous tone, and increased stiffness when compared to normal or physiologicallycontracted cerebral arteries. 3 " 5 Hence, many investigators have not emphasized the role of smooth muscle contraction and vasoconstriction in vasospasm, focusing instead on what pathologic changes within the vasospastic arterial wall could narrow the lumen and account for the resistance of these arteries to vasodilation. Kassell, et al., for example, suggested vasospasm is a proliferative vasculopathy in which lumen narrowing is due to hypertrophy or hyperplasia of the arterial wall. 6 They cited as evidence the striking intimal proliferation sometimes seen after SAH in humans and cats.
Other pathologic changes, such as smooth muscle cell vacuolation and necrosis, adventitial inflammation, vessel wall edema, and fibrosis of the tunica media have been reported in vasospastic arteries and after exposure of cerebral arteries to a variety of agents including physiologic vasoconstrictors. 79 These changes, particularly arterial fibrosis, might also contribute to vasospasm by fixing cerebral arteries in a contracted state, accounting for the pharmacologic and clinical observations noted above.
Alternatively, vasospasm may be an abnormal form of smooth muscle contraction, possibly mediated by vasotoxic substances released from subarachnoid clot. 1 Rather than being directly related to lumen narrowing, arterial wall pathology may simply reflect response of the arterial wall to injury incurred during the period of prolonged contraction. Persistant, resistant THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES contraction and cell injury might occur because contraction is mediated by biochemical processes not normally occurring in smooth muscle.
Immunofluorescence microscopy and amino acid analysis, 10 computer-assisted image analysis," scanning electron microscopy (SEM) of exposed vascular smooth muscle, 12 and transmission electron microscopy (TEM) were used to study vasospastic cerebral arteries removed at various times following SAH in monkeys to see which of the above processes best characterizes vasospasm in monkeys.
MATERIALS AND METHODS

Protocols
Nine female cynomolgus monkeys (Macaca fascicularis) weighing between 2.93 and 4.70 kg were randomized into 3 equal groups to be killed 7, 14, and 28 days after SAH ( Figure  1 ). On day 0, animals underwent baseline cerebral angiography and bilateral subarachnoid placement of autologous blood clot to simulate SAH. Methods for baseline assessment, cerebral angiography, microsurgical opening of the basal cisterns, and induction of SAH have been published. 1012 Angiography was repeated 7 days later in all animals. Animals killed on days 14 and 28 also had angiography repeated immediately prior to killing. Animals were killed by lethal injection of sodium pentobarbital followed by perfusion with fixative solution. Both MCAs and the basilar artery (BA) were removed and examined by immunofluorescence microscopy and amino acid analysis, BA serving as normal control artery. 10 For immunofluorescence microscopy, sections of MCA and BA were exposed to primary antibodies directed against desmin, vimentin, a-actin, myosin, laminin, types I, III, IV, and V collagen, and fibronectin. For slides incubated with anti-a-actin antibodies, cells in tunica intima which showed immunoreactivity to a-actin were counted in 4 sections from each artery. Amino acid analysis was performed on a Beckman model 6300 high-performance amino acid analyzer (Beckman Instruments Inc., Palo Alto, California).
Middle cerebral arteries from animals killed 7 days after SAH were also studied by computer-assisted image analysis, SEM, and TEM. For image analysis, total vessel wall area, lumen area, and area of tunica media plus tunica intima were measured on arterial cross-sections". Normal MCAs and MCAs contracted in vitro with prostaglandin F 2a were studied by SEM after removal of the tunica adventitia with HC1 Protocols were approved by the Animal Ethics Review Committee of the University of Alberta. Guidelines of the Canadian Council on Animal Care for care and surgery of monkeys were adhered to.
RESULTS
Clinical Condition, Angiographic Vasospasm
No delayed-onset focal neurologic deficits were noted. Comparisons of angiograms taken on day 0 and on day 7 revealed significant reduction in MCA diameter for animals killed 7 days after SAH (50% ± 16%, p < 0.001) and at day 7 in animals later killed on day 14 (55% ± 8%, p < 0.001) and on day 28 (54% ± 4%, p < 0.001) (Figures 2 to 4) . 10 By day 14, significant but mild MCA narrowing persisted (16% ± 10%, p < 0.05). Animals killed on day 28 had no significant vasospasm.
Immunofluorescence Microscopy
Extracellular Matrix Proteins The patterns of immunoreactivity were similar for interstitial collagens (types I and III) and for type V collagen. 10 There was no increase in these collagens in tunica media or adventitia at any time following SAH. In 4 of 6 MCAs from monkeys killed on day 28, intimal proliferation was observed over 25% to 50% of the arterial circumference. Circumferential intimal proliferation did not occur and these changes did not encroach significantly on the lumen. Types I, III, and V collagen, however, were deposited in thickened intima 28 days after SAH.
For type IV collagen, smooth muscle cells in tunica media were surrounded by a fine reticular pattern of fluorescence. In tunica intima, type IV collagen was observed around myointimal cells and beneath endothelial cells. Other than deposition around cells in areas of intimal proliferation seen in MCAs 28 
Morphometric analysis
Amino Acid Analysis days after SAH, there were no increases in type IV collagen immunoreactivity in tunica media or adventitia. Amino acid analysis showed no increase in hydroxyproline at any time after SAH. 10 Fibronectin immunoreactivity was observed in the extracellular matrix of tunica media and tunica intima of normal BA ( Figure 5 ). Seven days after SAH, there was a slight increase in tunica media fibronectin. By day 14, fibronectin in the media was increased more prominently. This increase had subsided somewhat by day 28 although fibronectin was observed in hyperplastic intima at this time. Immunoreactivity for laminin was present around smooth muscle and myointimal cells in BA and MCA at each time period after SAH as well as around the proliferated intimal cells 28 days after SAH.
Cytoskeletal Proteins In normal BA, immunoreactivity to aactin, myosin, desmin, and vimentin was seen within smooth muscle cells in tunica media and in myointimal cells in tunica intima. There was a change in the pattern of staining due to muscle contraction during vasospasm but no increase in the amount of staining was observed except at 28 days after SAH when cells in the excess intimal tissue consistently showed immunoreactivity to a-actin, myosin, desmin, and vimentin.
Scanning Electron Microscopy
Digestion of arteries with HC1 removed adventitial connective tissue from cerebral arteries, exposing smooth muscle of tunica media. 12 In noncontracted BA, the outer surfaces of the smooth muscle cells was generally smooth and cells were long and tube-shaped with slightly tapering ends.
Contraction of monkey cerebral arteries with PGF 2a markedly altered the morphology of the smooth muscle cells. The cells developed widened areas alternating with narrow regions along their length. Over the widenings, the cell membrane exhibited numerous ridges and folds running transversely across the cells. Arteries exposed to subarachnoid blood clot for 7 days and with angiographically-confirmed vasospasm showed changes similar to those observed in vessels treated with PGF, .
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Computer-Assisted Image Analysis
( T a b ) e {) u Vasospasm was not associated, however, with a sigVessel diameter (determined both by angiography and by nificant increase in total wall area or area of tunica media plus image analysis) and lumen area were significantly smaller (p < intima. ness of the vessel wall, shortening and folding of smooth muscle cells, smooth muscle cell vacuolation, and convolution of the internal elastic lamina. In addition, dense body formation and necrosis of smooth muscle were occasionally present. The radial dimension of the intercellular space was increased during vasospasm. Proliferating myointimal cells were not observed. Inflammatory cells, macrophages, and degenerating blood clot were observed in tunica adventitia.
DISCUSSION
Theories of Mechanisms of Vasospasm
While advances have been made in treatment of cerebral vasospasm, little consensus exists concerning the mechanism of arterial narrowing. One theory is that vasospasm is primarily smooth muscle contraction. 1 -8 Vasospastic arteries, however, develop pharmacologic and pathologic abnormalities which seem out of keeping with tonic smooth muscle contraction. 3 " 5 ' 8 - 9 Pathologic changes suggested to contribute to vasospasm include arterial wall inflammation and fibrosis, and intimal proliferation. Proponents of the vasoconstriction theory would suggest these changes are a result of smooth muscle contraction during vasospasm being prolonged and probably mediated by nonphysiologic mechanisms which cause cell damage. Contraction and cell damage may be induced by, for example, prolonged release of high concentrations of vasotoxic oxyhemoglobin from lysing subarachnoid erythrocytes.
Figure 5 -Fluorescence photomicrographs of normal basilar artery (BA) and of middle cerebral artery cross-sections from animals killed 7 (D7), 14 (D14), and 28 (D28) days after subarachnoid hemorrhage and exposed to biotinylated anti-fibronectin antibodies and labelled secondarily with streptavidin-Texas Red. There is a slight increase in intensity of staining in tunica media on day 7. The increase is more obvious on day 14 and is subsiding 28 days after subarachnoid hemorrhage. L, lumen. Scale bar (= 100 um) applies to all 4 photomicrographs in the illustration
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Role of Inflammation
We have not investigated the role of inflammation in vasospasm. Anti-inflammatory drugs were found to be efficacious against vasospasm in dogs and in humans, 1 6 although these drugs have other mechanisms of action which might improve outcome after SAH. Peterson and coworkers produced inflammation with resultant vasospasm of the BA in dogs by placing dextran and latex beads in the subarachnoid space, 17 although other investigators have found these substances to be inert in cats. 1 8 Immunosuppression with cyclosporine significantly diminished vasospasm following SAH in dogs 19 and monkeys, 20 although the effect was minimal in the latter model.
Hoshi, et al., found immunoglobulin and complement deposits in cerebral arteries in patients dying from a variety of cerebrovascular diseases. 21 While 74% of patients dying with vasospasm after SAH had deposits of these substances in their arteries, a similar number of arteries from patients dying of meningoencephalitis also had deposits, although it is unclear if they had vasospasm. Other investigators have been unable to find immunoglobulins within the walls of vasospastic human arteries. 22 These studies, as well as pathologic studies showing the presence of inflammation in vasospastic arteries, 16 suggest inflammatory processes may contribute to vasospasm, although the mechanism of this effect remains unclear.
Role of Intimal Proliferation
Kassell, et al., theorized that lumen narrowing following SAH was due to arterial damage with proliferation of cells in the tunica intima, a process akin to that occurring in atherosclerotic plaques. 6 Presumably, SAH could damage medial smooth muscle and induce a similar process.
If intimal proliferation caused lumen narrowing after SAH, then large increases in arterial wall cross-section area would be expected during vasospasm. The present study found vasospasm was not associated with a significant increase in arterial wall area. A small increase in total wall area during vasospasm was found to be confined to the tunica adventitia. Histopathologically, this was due to blood clot and inflammatory cells adherent to the adventitia after subarachnoid blood clot placement. Intimal proliferation was observed in our studies, although it developed after angiographic vasospasm resolved. These observations are consistent with studies of vasospastic human and animal arteries. 910 ' 23 ' 24 Development of intimal proliferation after vasospasm suggests that vasospasm, rather than the initial effects of SAH, damages the arterial wall. One might expect intimal proliferation to be of importance when severe vessel injury occurs at the time of SAH, as may occur with intramural hemorrhage at the site of aneurysm rupture. 25 
Arterial Wall Fibrosis
The present investigations, using immunofluorescence microscopy and quantitative analysis of hydroxyproline, failed to find changes in arterial wall collagens until 28 days after SAH. Hydroxyproline is an amino acid residue which is found largely in collagens, although elastins contain small amounts. Intimal proliferation, which occurred 28 days after SAH, after arterial narrowing had resolved, did contain typical vessel wall collagens. Previous qualitative descriptions of light and electron microscopy of cerebral arteries after human and experimental SAH suggest there is increased collagen in tunica media of vasospastic arteries. When fibrosis has been detected, it generally develops late after SAH, usually following the period of worst myonecrosis. 8 It has been suggested that collagen synthesis contributes to arterial narrowing after SAH. 5 Since vasospasm resolves by 3 weeks after SAH, one would therefore also expect fibrosis to resolve. This has usually not been the case. In addition, pharmacologic abnormalities of cerebral arteries, such as wall stiffening and loss of compliance, have not been shown to resolve as vasospasm does, indicating that the relation between these changes, arterial fibrosis, and maintenance of arterial narrowing after SAH may be more complex than initially believed. It is also not known if arterial wall stiffening and persistence of vasospasm are due to modifications in the existing collagen matrix or in other extracellular matrix components which were not examined in this study. Yamamoto, et al., have reported that myofibroblasts appear in the arterial wall after SAH and that these cells can narrow arteries without undergoing contraction and without inducing fibrosis in the arterial wall. 27 Fibronectin, a normal extracellular matrix protein which has been shown to increase after balloon-dilation injury to arteries, 28 was observed to increase after SAH, and again, this increase followed the period of most severe arterial narrowing. The timing of this increase suggests SAH does not cause a primary vasculopathy leading to arterial narrowing but rather that subarachnoid clot liberates spasmogens which cause vasoconstriction.
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A secondary vessel wall response to injury occurs following this "vasospasm" probably as a result of smooth muscle damage incurred by contraction mediated by nonphysiologic pathways. Alternatively, increased fibronectin is consistent with the appearance of myofibroblasts within the arterial wall since these cells are associated with fibronectin in healing wounds.
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Role of Smooth Muscle and Smooth Muscle Contraction
The present scanning electron microscopy studies found the adventitial surface of relaxed vascular smooth muscle to be smooth with only mild and focal pleating of the cell membrane. Vasoconstriction is known to cause folding and corrugation of the cell membrane, 2 9 changes which are similar to those observed in PGF 2a -treated and vasospastic arteries of this study.
Although it is possible that the smooth muscle cell corrugation is secondary to a structural change in, for example, the extracellular matrix of the arterial wall, the similar appearance
of vasospastic cells to that of contracted cells suggests the change is due to contraction. Although smooth muscle can contract in a tonic fashion, the biochemical basis for prolonged and seemingly temporarily irreversible contraction in vasospasm is unknown. Matsui and colleagues reported that prolonged activation of signal transduction systems may form the basis of vasospastic smooth muscle contraction in dogs. 30 -
31
Significance of Other Pathological Changes
In addition to fibrosis, inflammation, and intimal proliferation, other pathologic changes have been reported in vasospastic arteries from humans and experimental animals. 8 -9 These include smooth muscle cell vacuolation and necrosis, fragmentation of the internal elastic lamina, endothelial cell vacuolation, disruption of intercellular tight junctions, and endothelial cell desquamation.
K8 - 9 Most of these changes have also been reported in arteries contracted in vitro with conventional vasoconstrictor drugs. The monkey model employed in these studies produces vasospasm which is similar to vasospasm following SAH in humans.
1 - 37 The animals, however, do not commonly develop severe arterial narrowing and ischemic neurologic deficits which are seen in humans. Immunofluorescence microscopy, amino acid analysis, and TEM show notable increases in arterial wall collagen or substantial alterations in smooth muscle cytoskeletal proteins do not occur during vasospasm. Imageanalysis confirms significant proliferation of cells or of extracellular material does not occur in arterial walls during vasospasm. Lumen narrowing, therefore, seems due to smooth muscle contraction. Direct visualization of smooth muscle cells by SEM and study by TEM confirms that smooth muscle cells are contracted 7 days after SAH, when vasospasm is most severe. Fibronectin deposition is most prominent 14 days after SAH, when vasospasm is resolving. Intimal proliferation, which contains a-actin positive cells and vessel wall collagens, also develops subsequent to vasospasm. These results suggest that pathologic changes are a response of the arterial wall to injury incurred during prolonged vasoconstriction which characterizes vasospasm. Pathologic changes themselves may not contribute to arterial narrowing, at least in monkeys. These investigations do not rule out the possibility that alteration in other components of the extracellular matrix, or in cross-linking of components studied in this report, could contribute to vasospasm. A role for myofibroblasts also is not inconsistent with the present findings. 27 We suspect, however, that vasospasm is temporarily irreversible contraction in vascular smooth muscle. This mechanism may also cause the ultrastructural and pharmacologic abnormalities in vasospastic arteries, although the biochemical basis of the contraction is unknown.
